Stretching is a common method used to prevent muscle shortening and improve limited mobility. However, the effect of different time periods on stretching-induced adaptation of the extracellular matrix and its regulatory elements have yet to be investigated. We aimed to evaluate the expression of fibrillar collagens, sarcomerogenesis, metalloproteinase (MMP) activity and gene expression of the extracellular matrix (ECM) regulators in the soleus (SOL) muscle of rats submitted to different stretching periods. The soleus muscles were submitted to 10 sets of passive stretching over 10 (St 10d) or 15 days (St 15d) (1 min per set, with 30 seconds' rest between sets). Sarcomerogenesis, muscle cross-sectional area (CSA), and MMP activity and mRNA levels in collagen (type I, III and IV), connective tissue growth factor (CTGF), growth factor-beta (TGF-β), and lysyl oxidase (LOX) were analyzed. Passive stretching over both time periods mitigated COL-I deposition in the SOL muscle of rats. Paradoxically, 10 days of passive stretching induced COL-I and COL-III synthesis, with concomitant upregulation of TGF-β1 and CTGF at a transcriptional level. These responses may be associated with lower LOX mRNA levels in SOL muscles submitted to 10 passive stretching sessions. Moreover, sarcomerogenesis was observed after 15 days of stretching, suggesting that stretching-induced muscle adaptations are timedependent responses.
1
Stretching is a common method used to prevent muscle shortening and improve limited mobility. However, the effect of different time periods on stretching-induced adaptation of the extracellular matrix and its regulatory elements have yet to be investigated. We aimed to evaluate the expression of fibrillar collagens, sarcomerogenesis, metalloproteinase (MMP) activity and gene expression of the extracellular matrix (ECM) regulators in the soleus (SOL) muscle of rats submitted to different stretching periods. The soleus muscles were submitted to 10 sets of passive stretching over 10 (St 10d) or 15 days (St 15d) (1 min per set, with 30 seconds' rest between sets). Sarcomerogenesis, muscle cross-sectional area (CSA), and MMP activity and mRNA levels in collagen (type I, III and IV), connective tissue growth factor (CTGF), growth factor-beta (TGF-β), and lysyl oxidase (LOX) were analyzed. Passive stretching over both time periods mitigated COL-I deposition in the SOL muscle of rats. Paradoxically, 10 days of passive stretching induced COL-I and COL-III synthesis, with concomitant upregulation of TGF-β1 and CTGF at a transcriptional level. These responses may be associated with lower LOX mRNA levels in SOL muscles submitted to 10 passive stretching sessions. Moreover, sarcomerogenesis was observed after 15 days of stretching, suggesting that stretching-induced muscle adaptations are timedependent responses.
Stretching is a common method used in sports activities and rehabilitation programs to prevent muscle shortening [1] [2] [3] [4] and improve limited mobility 5 . Skeletal muscle adaptations have been demonstrated through different pathways in response to passive stretching [6] [7] [8] [9] . Potential mechanisms involved in stretching-induced skeletal muscle adaptations rely on preventing muscle atrophy [10] [11] [12] and the deposition of new sarcomere units in rat muscles 13 . Furthermore, stretching frequency and duration seem to play a crucial role in skeletal muscle adaptations, as observed in our previous studies 8, 14 . As such, differences in the stretching methods applied (continuous vs. intermittent) affect the muscle growth 6 and viscoelastic properties of tendon structures 15 . In addition, immobilization approaches [16] [17] [18] and stretching techniques have been investigated in denervated rat muscle 19 . However, there is limited evidence regarding the effect of different periods of stretching on ECM homeostasis.
Connective tissue consists mainly of ECM proteins, including collagens, and plays an important role in force transmission from muscle fibers 20 and protection against contractile damage 21 . Type I (COL-I) and type III fibrillary collagens (COL-III) are the major structural protein in the skeletal muscle ECM 21 , while the basement membranes consist primarily of type IV collagen (COL-IV) networks 20 . Extracellular matrix degradation is an enzymatic process regulated by MMP activity and endogenous tissue inhibitors of metalloproteinases (TIMPs) 22 , while MMP-2 and MMP-9 are gelatinases expressed in skeletal muscle that degrade collagens, fibronectin, . In fact, elevated TGF-β prompts a fibrotic response 26, 27 . Additionally, lysyl oxidase (LOX) has been associated with ECM development and plays a critical role in fibrous collagen stabilization through the formation of covalent cross-links 28 . Indeed, collagen cross-linking is important in producing force during passive stretching 29 . Immobilization induces muscle atrophy and the proliferation of connective tissue, caused by changes in collagen synthesis and degradation in muscle tissue 30, 31 . While previous research has shown that muscle stretching minimizes connective tissue accumulation 1, 32 , results regarding the effect of stretching on connective tissue deposition and ECM remodeling remain controversial 33 . For example, Zotz et al. 34 found that passive stretching (3 times a week for 1 week) increased type-I collagen (COL-I) content and simultaneously reduced both type-III collagen (COL-III) and TGFβ1 levels in the soleus muscle of female aged rats. Moreover, Faturi et al. 18 observed increased connective tissue content in the denervated SOL muscles of rats in response to 7 intermittent stretching sessions. In our study, both gene expression and MMP-2 activity rose in response to denervated SOL muscle stretching in rats 14 , although a single stretching session provoked no changes in MMP-2 and MMP-9 activity 9 . However, the effect of different time periods on stretching-induced ECM adaptations has not been investigated.
Thus, the aim of this study was to evaluate the expression of fibrillar collagens (COL-I, III and IV), sarcomerogenesis, MMP activity and gene expression of the main ECM regulators in the SOL muscle of rats submitted to different periods of passive stretching. We hypothesize that a large number of passive stretching sessions will reduce collagen content and synthesis, with a concomitant increase in MMP-2 activity and greater multiplication of sarcomeres (sarcomerogenesis) in the SOL muscle of rats.
Results
Sarcomerogenesis, MMP-2 activity and collagen expression in SOL muscles submitted to 10 or 15 days of passive stretching. The sarcomere number in SOL muscles increased in the St 15d group when compared to controls ( Fig. 1A ; p < 0.05). There were no intergroup changes in CSA and pro-MMP-2 levels ( Fig. 1B and C) . MMP-2 activity declined in St 10d rats in relation to controls ( Fig. 1D ; p < 0.05). Figure 2 shows qualitative analysis of immunofluorescence staining for COL-I, III and IV. COL-I deposition (% per muscle fiber area) decreased in the SOL muscles of groups St 10d and St 15d when compared to controls ( Fig. 2A ; p < 0.0001). There were no intergroup differences in COL-III and COL-IV levels ( Fig. 2B and C) . Fig. 3D,E ; p < 0.0001) increased significantly in the SOL muscles of the St10d group when compared to control rats. Lower COL-III, IV, TGF-β1 and CTGF mRNA levels were observed in the St15d group compared to St10d rats ( Fig. 3B-E ; p < 0.0001). LOX mRNA levels decreased in the St 10d group in relation to controls, whereas LOX transcripts were not statistically different from the control group, but higher in St 15d rats when compared to the St 10d group ( Fig. 3F ; p = 0.0002).
Discussion
The present study demonstrated that 10 and 15 days of passive stretching mitigated COL-I content in the SOL muscles of rats, although MMP-2 activity declined after 10 sessions. Paradoxically, 10 days of passive stretching induced COL-I and COL-III synthesis, with concomitant upregulation of upstream signal transduction (CTGF and TGF-β1) at a transcriptional level. Despite the clear indication of collagen synthesis after 10 days of stretching, collagen cross-linking stabilization did not accompany this process, since low LOX mRNA levels were observed after 10 sessions of stretching. To the best of our knowledge, this is the first study that demonstrates the gene expression of ECM regulatory elements in response to passive stretching. Although results obtained in studies using denervation and immobilization are inconclusive, our findings indicated that longer periods of stretching alleviated collagen deposition in skeletal muscles, concomitant to different ECM regulator responses at a transcriptional level.
Sarcomerogenesis was observed after 15 days of passive stretching, suggesting that stretching frequency and duration may lead to muscle adaptations and parallel effects on ECM homeostasis (Fig. 1A) . While one 40 min stretching session a week did not alter the serial sarcomere number in the SOL muscles of rats 35 , stretching every 3 days for 40 minutes increased the serial sarcomere number compared to the contralateral muscle 36 . In an earlier study, we found that denervated rat SOL muscles submitted to different periods of intermittent stretching showed no change in the serial sarcomere number 18 . In this study, 15 sessions of passive stretching induced sarcomerogenesis in SOL muscles. The total serial sarcomere number increased in SOL muscles stretched twice a week for 40 minutes, over eight consecutive weeks, which partially corroborates our findings 37 . It has been suggested that passive stretching could promote sarcomere addition if the muscle is lengthened enough to increase calcium release through activated calcium channels 38 . Passive stretching alleviates muscle tissue stiffness 38 . As such, reduced muscle-tendon unit stiffness has been reported in response to 5 min of static stretching in human gastrocnemius muscles, suggesting changes in connective tissue properties 5, 15 . In fact, passive resistance is influenced by deformation (lengthening) of the connective tissue (endomysium, perimysium, and epimysium) of the muscle belly in response to stretching 4 . Furthermore, a stretching protocol (ten 15 s repetitions with 30 s of rest between repetitions, applied post-immobilization for 10 consecutive days) led to the accumulation of connective interstitial tissue in the SOL muscles of female rats 33 . The authors suggested that connective tissue proliferation is a protective mechanism to prevent damage in the immobilized muscle. On the other hand, COL-I content declined in SOL muscles submitted to stretching over 10 and 15 days (Fig. 2) , corroborating the findings of a previous study 34 . However, the stretching-induced molecular mechanisms involved in connective tissue homeostasis need to be better understood. MMP-2 has been shown to play a role in the prolonged remodeling phase of skeletal muscle 23 . While MMP-2 activity decreased in the St 10 group in the present study, MMP-2 levels rose after 2, 4 and 7 days of lengthening contractions 39 . However, although a previous study showed no changes in MMP-2 and MMP-9 activity and gene expression in rat SOL muscles after a single stretching session 9 , four series of daily stretching raised MMP-2 activity in the tibialis anterior muscle 14 . In the present study, MMP-2 activity declined after 10 sessions of passive stretching, suggesting that the number of sessions is a key factor in modulating ECM turnover. The differences observed in the various studies may be due to the different methods used. Moreover, reduced MMP-2 activity may be related to the upregulation of collagen transcripts (I, III and IV), observed after 10 stretching sessions. In fact, 10 and 15 sessions of passive stretching reduced COL-I content ( Fig. 2A) , although intergroup COL-III and IV levels remained unchanged (Fig. 2B,C) . This may be due to the involvement of other MMPs subtypes in COL-I degradation, including collagenases (MMP-1 and 13) 40, 41 , as opposed to MMP-2 alone. Additionally, whereas COL-IV from the basal lamina of the muscle membrane has been identified as a target of MMP-9 42 , there were no changes in MMP-9 activity after 10 or 15 sessions of SOL muscle stretching (data not shown). Furthermore, MMP-9 was associated with activating latent TGF-β1 into a mature form, which induces fibrosis in dystrophic muscles 43 . On the other hand, MMP-9 gene expression rose in the SOL muscles of rats submitted to denervation followed by 10 stretching sessions 18 . Considering the differences between the studies, MMP expression seems to be more dependent on degeneration and regeneration processes in rat skeletal muscles 39 . In the present study, 10 sessions of passive stretching prompted upregulation of COL-I and IV transcripts, while 15 sessions produced marked increases in COL-I and III mRNA levels in the SOL muscles of rats (Fig. 3A,B) . In fact, in a previous study we demonstrated that short daily stretching sessions induced molecular reorganization of collagen fibrils after rat SOL muscle immobilization 44 . Lengthening contractions and/or mechanical deformation of extracellular connective tissues likely induces collagen synthesis in skeletal muscle, leading greater passive resistance when the muscle is stretched 4, 39 . In another study, both COL-I content and TGF-β gene expression increased in denervated rat soleus muscles following 10 sessions of intermittent stretching on alternate days 18 . The mechanisms involved in these responses may be associated with pro-fibrotic signaling (CTGF and TGF-β1). Indeed, upregulation of CTGF and TGF-β1 mRNA levels was observed after 10 sessions of passive stretching, but there were no changes in these transcripts after 15 sessions (Fig. 3D,E) . Mechanical stress seems to stimulate CTGF, which is involved in stretch-induced muscle fibrosis 45 . Repetitive stretch-relaxation cycles have been shown to induce the release of insulin-like growth factor (IGF-1) in differentiated muscle cells 46 , suggesting that "growth factors" are important targets related to ECM remodeling and skeletal muscle homeostasis 47, 48 , and can also be regulated by stretching 18 . By contrast, ex vivo and in vivo stretching models resulted in higher TGF-β and type-1 procollagen levels in mouse tissues 48 . Our findings regarding reduced COL-I deposition ( Fig. 2A ) may be associated with decreased LOX mRNA levels (Fig. 3F) . On the other hand, mechanical loading (concentric, eccentric and isometric contractions) has been found to increase LOX transcripts in the tendons and gastrocnemius muscles of female rats 49 . However, with respect to skeletal muscle tissue, the effects of different stretching periods on LOX levels are not yet fully understood. Our study is the first to examine the effects of passive stretching on the genetic expression of LOX in rat muscles. Downregulation of LOX mRNA levels was observed after 10 passive stretching sessions, but LOX transcripts returned to basal values (control rats) after 15 sessions. LOX is thought to be important in the formation of lysine-derived cross-links between and within collagen molecules, contributing to stabilizing and strengthening collagen fibrils 28 . Thus, in contrast to the stretching-induced upregulation of molecules related to collagens synthesis ( Fig. 3A-E) , passive stretching seems to play a significant role in preventing covalent cross-links and stabilizing collagen fibrils in parallel with their intramuscular deposition (Fig. 3F) . This was observed after 10 sessions of rat SOL muscle stretching, with no changes after 15 sessions. It is important to note that our findings do not support a mechanistic relationship between intramuscular collagen deposition and changes in the gene expression of factors related to collagen synthesis.
Conclusions
In conclusion, passive stretching over 10 and 15 days mitigated COL-I deposition in the SOL muscle of rats. By contrast, 10 days of passive stretching induced COL-I and COL-III synthesis, with concomitant upregulation of upstream signal transduction (CTGF and TGF-β) at a transcriptional level. These responses may be associated with lower LOX mRNA levels in SOL muscles submitted to 10 sessions of passive stretching. Moreover, sarcomerogenesis was observed after 15 days of passive stretching, suggesting that stretching-induced muscle adaptations are time-dependent responses.
Methods
Experimental groups. Eighteen 3-month-old male Wistar rats were used (weight 350 ± 25 g). The animals were housed in plastic cages under controlled environmental conditions, with free access to water and standard food. The experimental procedures were approved by the University Ethics Committee (Number 25/2012) and in accordance with Guidelines for the Care and Use of Laboratory Animals. The rats were randomly divided into 3 groups of six animals and anesthetized by intraperitoneal injections of xylazine (12 mg.kg −1 ) and ketamine (95 mg.kg Stretching protocol. The stretching protocol was based on a previously validated method 8, 9 . A single session of passive stretching (dorsi flexion) consisted of 10 sets of soleus (SOL) muscle stretching of the left ankle for 1 min, with a 30-second rest between sets. Rats underwent passive stretching for 10 (St 10d; n = 6) or 15 days (St 15d; n = 6). The SOL muscle has been widely used in our previous studies on skeletal muscle stretching 8, 50 .
Muscle Sample Collection. The animals were weighed at the end of the experimental period. The left SOL muscles were dissected and weighed 24 h after the last stretching session. Each SOL muscle was divided longitudinally into two segments: the lateral portion was used for the sarcomere measurements and the medial portion was divided into two parts (proximal and distal portions) 7, 8, 14 . The proximal portion was immediately frozen in isopentane pre-cooled in liquid nitrogen, stored at −80 °C and used to determine the morphology and cross sectional area (CSA), and in the immunofluorescence assay of collagen I, III and IV (COL-I, COL-III and COL-IV). The distal portion was divided into two equal segments, quickly frozen in liquid nitrogen, stored at −80 °C and used for zymography and mRNA analyses.
Muscle CSA. Images of five different regions were acquired at 20x magnification, using a light microscope (Axiolab, Carl Zeiss, Jena, Germany) equipped with a digital camera (Sony DSC S75, Tokyo, Japan). In each image, the CSA of 70 random fibers was measured using Axiovision 4.7.1.0 software (Carl Zeiss, Jena, Germany), totaling 350 muscle fibers per animal (n = 6/group) 14 .
Serial sarcomere number (sarcomerogenesis).
The sarcomere number within a single muscle fiber was determined as described by Williams and Goldspink 51 . The lateral portion of the SOL muscles was immersed in 2.5% glutaraldehyde (2.5%) for 3 h, transferred to a nitric oxide solution (30%) for two days and then stored in SCienTiFiC RePoRTS | (2018) 8:9010 | DOI:10.1038/s41598-018-27239-x glycerol (50%). Five individual muscle fibers were teased out and fixed in gelatin-glycerin on a histological slide (n = 6/group) 52 . Images were acquired at 20x magnification. The serial sarcomere number was determined using a light microscope (100x immersion objective; Axiolab, Carl Zeiss, Jena, Germany), equipped with a digital camera (Sony DSC S75, Tokyo, Japan). The sarcomere number was quantified with Axiovision 4.7.1.0 software (Carl Zeiss, Jena, Germany). The total serial sarcomere number was estimated based on the correlation between the number of sarcomeres identified in three 100 μm fields, totaling 300μm throughout the muscle fiber (n = 6/group) 53 .
Zymography. Twenty-five milligrams of muscle was washed with cold saline and incubated in 2 mL of extraction buffer (10 mM cacodylic acid, pH 5.0, 150 mM NaCl, 1 μM ZnCl 2 , 20 mM CaCl 2 , 1.5 mM NaN 3 , and 0.01% Triton X-100) at 4 °C, with continuous mixing for 24 h. Protein concentration was determined using a BCA TM protein assay kit (Pierce, Rockford, IL, USA), according to the manufacturer's instruction. Briefly, equal amounts of total protein (30 μg/ml) consisting of a pool of six animals per group (6 μg per animal) were subjected to electrophoresis in triplicate. Zymography gels consisted of 10% polyacrylamide impregnated with gelatin at a final concentration of 100 mg/ml H 2 O in the presence of sodium dodecyl sulfate (SDS), under nonreducing conditions. After 2 h of electrophoresis (100 V), the gels were washed twice for 20 min in a 2.5% Triton X-100 solution, and incubated at 37 °C for 20 h in a substrate buffer (50 mM Tris-HCl, pH 8.5, 5 mM CaCl 2 and 0.02% NaN 3 ). Next, the gels were stained with Coomassie brilliant blue R-250 for 30 min and then in methanol and acetic acid for 20 min. Gelatin-degrading enzymes were visualized as clear white bands against a blue background, indicating proteolysis of the substrate protein. The samples were also assayed in the presence of 15 mM EDTA, which inhibited MMP activity. The molecular mass of gelatinolytic activity was determined by comparison against a PageRulerTM Prestained Protein Ladder protein standard (Fermentas Life Sciences, Burlington, ON, Canada). Activity bands were identified as previously described, according to their molecular weights (72 kDa: Pro-MMP-2; 66 kDa: intermediary-MMP-2). MMP activity was quantified by densitometry analysis, using Gene Tools software, version 3.06 (Syngene, Cambridge, UK) 9, 14, 54 . RNA Isolation and Analysis. One frozen fragment of each muscle was homogenized and total RNA isolated using Trizol reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's instructions. The extracted RNA was dissolved in tris-HCl and ethylene-diaminetetracetic acid (TE) (pH 7.6) and quantified spectrophotometrically. Purity was assessed by determining the absorbance ratio at 260 nm to that at 280 nm 55 . RNA integrity was then confirmed by inspection in 1% agarose gel stained with ethidium bromide (Invitrogen, Carlsbad, CA, USA), under ultraviolet light.
Reverse Transcription. Reverse Oligonucleotide Primers. Oligonucleotide primers were designed for GAPDH (AF106860) and Collagen IV (alpha-1 type IV collagen -J04694) using Primer Express Software 2.0 (Applied Biosystems, Foster City, CA, USA). Oligonucleotide primers for COL1, COL3, TGFβ-1, CTGF, and LOX were described in accordance with another study 49 . The oligonucleotide primers are listed in Table 1 .
Quantitative Polymerase Chain Reaction (qPCR) Analysis. Detection of mRNA for the different experimental and control samples was performed in a Rotor Gene 3000 instrument (Cobert's, Sydney, Australia). The amplification mixes contained 1 μl of cDNA sample, 25 μl of SYBR green fluorescent dye, Master mix (Applied Biosystems, Foster City, CA, USA) and 180 nM of each primer, for a final volume of 50 μl. Thermal cycling conditions for COL-I, COL-III, COL-IV, TGF-β1, CTGF, LOX and GAPDH consisted of 10 min at 95 °C, 40 cycles of 15 s each at 94 °C and 30 s at 48 °C for COL-I, COL-III, COL-IV, TGF-β1, CTGF, and LOX and 56 °C for GAPDH, followed by 1 min at 72 °C and then 10 min at 72 °C. For each gene, all samples were amplified simultaneously in duplicate, in one assay run. Data were analyzed using the comparative cycle threshold (Ct) method. The target genes were normalized against GAPDH 8 . In addition, negative controls contained RNA and no M-MLV RT, thereby ensuring that the PCR product did not result from amplified genomic DNA. A blank was also performed, with no template sample and using only water, primers and SYBR green 56 .
Immunofluorescence Analysis. Histological cross-sections (10 μm) of SOL muscles were fixed with 4% paraformaldehyde (Sigma P6148) in 0.2 M phosphate buffer (PB) for 10 min at room temperature, blocked with 0.1 M glycine in PB for 5 min, and permeabilized in 0.2% Triton X-100-PB for 10 min. Next, the sections were incubated in 1% bovine serum albumin (BSA) for 20 min at room temperature to block nonspecific binding, and incubated overnight with the primary antibody (diluted in 1% BSA) at 4 °C. Slides were washed with 0.1 MPB (3 times for 10 min each) and incubated with the secondary antibody (diluted in 1% BSA) for 2 h in a dark room. Slides were washed in 0.1 M PB (3 times for 10 min each) and mounted with Vectashield mounting medium containing 4,6-diamidino-2-phenylindole (catalog no. H-1200; Vector Laboratories) 18 . Negative control sections were not incubated with the primary antibody and experimental results were only considered if the controls showed no immunoreactivity. The primary antibodies used for immunostaining were monoclonal mouse anti-collagen I (1:100 dilution, catalog no. C2456; Sigma-Aldrich, St. Louis, MO, USA), monoclonal mouse anti-collagen III (1:100 dilution, catalog no. C7805; Sigma-Aldrich, St. Louis, MO, USA) and rabbit anti-collagen IV (1:200 dilution, catalog no. AB-19808; Abcam, Cambridge, MA, USA). The secondary antibody was Alexa Fluor 488 goat anti-mouse IgG, IgA, IgM (1:300 dilution, catalog no. A10667; Molecular Probes, Eugene, OR, USA); and rhodamine red goat anti-rabbit IgG (1:200 dilution, catalog no. Rb394; Molecular Probes, Eugene, OR, USA). For quantitative measurements of immunoreactivity (immunofluorescence), images were captured of five different regions in the middle belly of the SOL muscle (Axiocam, Carl Zeiss, Jena, Germany) at 20x magnification 57 . The images were quantified using ImageJ analysis software (NIH, Bethesda, MD, USA) and expressed as percentage (%) of total area 18, 56 .
Statistical analysis. Levene's test was applied to evaluate the homogeneity of the results. Results are expressed as means ± SEM. Parametric tests were used because the data were normally distributed (Shapiro-Wilk test) with homogeneous variances. Statistical analysis was performed by one-way analysis of variance (ANOVA), followed by the Bonferroni post hoc test. Significance was set at 5% (p ≤ 0.05).
